24 Recent phylogenomic analyses have solved evolutionary relationships between most of the 25 Orchidaceae subfamilies and tribes, yet phylogenetic relationships remain unclear within the 26 42 43 45 46 47 100, PP = 0.77-1.0), and only a few positions remained unresolved. Here, the relationship between 128 Codonorchidae+Orchideae was moderately supported (LBS = 86) together with that of 129 Cymbidiinae and the remaining Cymbidieae (LBS = 62). The monophyly of Nervilieae and 130 Triphoreae was moderately supported (LBS = 79), as well as the phylogenetic relationships of 131 Nervilieae+Triphoreae and the remainder of Epidendroideae (LBS = 75), and Epidendreae and 132 Coelia + Eria (LBS = 52) (Fig. 2). 133 134 2.3 Molecular characterisation of plastid genomes 135 Whole plastome sequences belonging to 97 species (11 sequenced here and 86 reported in 136 NCBI) were annotated for 75 protein-coding genes. Five additional genes were recovered when 137 concatenating this data matrix with the protein coding regions matrix used by Givnish 2 , giving a 138 6
hyperdiverse tribe Cymbidieae and within the Orchidoideae subfamily. Here we address these 27 knowledge-gaps by focusing taxon sampling on the Cymbidieae subtribes Stanhopeinae, 28 Maxillariinae, Zygopetalinae, Eulophiinae, Catasetinae, and Cyrtopodiinae. We further provide a 29 more solid phylogenomic framework for the Codonorchideae subtribe within the Orchidoideae 30 subfamily. Our global phylogenetic analysis includes 86 plastomes obtained from GenBank and 11 31 newly sequenced orchid plastomes genomes using a Genome Skimming approach. Whole genome 32 phylogenies confirmed phylogenetic relationships in Orchidaceae as recovered in previous studies. 33 Our results provide a more robust phylogenomic framework together with new hypotheses on the 34 evolutionary relationships among subtribes within Cymbidieae, compared with previous 35 phylogenies derived from plastome coding regions. Here, maximum statistical support in a 36 maximum likelihood analysis was achieved for all the internal relationships in Cymbidieae, and 37 Maxillariinae is recovered as sister to Oncidiinae for the first time. In Orchidoideae, we recovered 38 Codonorchideae + Orchideae as a strongly supported clade. Our study provides an expanded 39 plastid phylogenomic framework of the Orchidaceae and provides new insights on the relationships 40 of one of the most species-rich orchid tribes. 41 1. Introduction 48 49 The Orchidaceae, with ca. 25 ,000 species and ~800 genera 1,2 is one of the most diverse and 50 widely distributed flowering plant families on earth and has captivated scientists for centuries 3 . The 51 family has a striking floral morphological diversity and has evolved multiple interactions with 52 fungi, animal and plants 4, 5 , and a diverse array of sexual systems 6, 7 . Countless research efforts have 53 been made to understand the natural history, evolution and phylogenetic relationships within the 54 family 2,7-12 . To date, there are six nuclear genome sequences available, i.e., Apostasia 55 shenzhenica 13 , Dendrobium catenatum 14 , Dendrobium officinale 15 , Gastrodia elata 16 , Phalaenopsis 56 hybrid cultivar 17 , Phalaenopsis aphrodite 18 , Vanilla planifolia 19 , 287 complete plastid genomes 57 and 1,639 Sequence Read Archives for Orchidaceae in NCBI. 58 Phylogenomic approaches have been implemented to solve the main relationships between 59 major orchids lineages in deep time 2, 9, 11, 12 , nevertheless extensive uncertainties remain regarding 60 the phylogenetic placement of several subtribes and countless genera and species. This knowledge- 61 gap stems from the large gaps in both taxon and genomic sampling efforts that would be required 62 to comprehensively cover all orchid lineages at the subtribal and/or generic level. Givnish 2 63 published the first well-supported phylogeny for the Orchidaceae based on plastid phylogenomic 64 analyses. They used 75 genes from the plastid genome of 39 orchid species and performed a 65 Maximum Likelihood (ML) analysis covering 22 subtribes, 18 tribes and five subfamilies. This 66 robust but taxonomically-under-sampled study agrees with most of the phylogenetic relationships 67 between and inside subfamilies and tribes, when compared with previous multilocus phylogenies 9-68 12 . 69 Multiple relationships scattered across the orchid family remain unresolved, however, 70 partly due to the limited phylogenetic information of plastid genes to resolve relationships in 71 rapidly diversifying lineages 20, 21 but also because of reduced taxon sampling 22 . This is particularly 72 true for the Cymbidieae, one of the most species-rich tribes whose internal sub-tribal relationships 73 are largely the product of rapid diversifications 23 that are often difficult to resolve using only a few 74 loci 21, 24 . The tribe Cymbidieae comprises 10 subtribes, ~145 genera and nearly 3,800 species 1 , 90% 75 of which occur in the Neotropical region 23 . Four of the subtribes within Cymbidieae are some of 76 the most species-rich and abundant subclades in the Andean region (Maxillariinae, Oncidiinae, 77 Stanhopeinae and Zygopetaliinae 25 ). 78 Another group whose sub-tribal phylogenetic positions are largely unresolved is the 79 Orchidoideae subfamily 1, 26 . This group comprises four tribes, 25 subtribes and more than 3,600 80 species, the majority of which are terrestrial. The subfamily is distributed in all continents except 81 the Antarctic and contains species with a single stamen (monandrous), with a fertile anther that is 82 erect and basitonic 27 . Previous efforts to disentangle the phylogenetic relationships in the 83 subfamily have mostly relied on a small set of nuclear and plastid markers 28 , and more recently on 84 extensive plastid coding sequence data 2 . 85 The wide geographical range of these groups in the tropics and temperate regions, together 86 with their striking vegetative and reproductive morphological variability place them as ideal model 87 lineages for disentangling the contribution of abiotic and biotic drivers of orchid diversification 88 across biomes. Occurring from alpine ecosystems to grasslands, they have conquered virtually all 89 ecosystems available in any altitudinal gradient [29] [30] [31] . Moreover, they have evolved a diverse array 90 of pollination systems [32] [33] [34] , including male Euglossine-bee and pseudo-copulation 35, 36 . Yet the 91 absence of a solid phylogenetic framework has precluded the study of how such systems evolved, 92 as well as the diversification dynamics of Cymbidieae and Orchidoideae more broadly. 93 Phylogenies are crucial to understanding the drivers of diversification in orchids, including 94 the mode and tempo of morphological evolution 25, 37 . High-throughput sequencing and modern 95 4 comparative methods have enabled the production of massive molecular datasets to reconstruct 96 evolutionary histories, and thus provide unrivalled knowledge on plant phylogenetics 38 Eleven new orchid plastid genomes were sequenced. Supplementary table S1 shows the 108 amount of sequencing data produced for each sample. From 4.9 Mb (Gongora pleiochroma) to 109 10.8 Mb (Goodyera repens) of raw reads were recovered from all samples (Table S1 ). The plastid 110 genome with the highest average coverage was that of Scaphosepalum antenniferum (292X), and 111 the one with the lowest average coverage was that of Maxillaria sanderiana (13X) ( Table S1 ). The RNAs. It is common to find tRNA genes, ribosomal RNAs, ribosomal protein genes, ndhB and 144 ycf2 genes within the inverted repeated regions (IR) of orchid plastomes. Genes such as ycf1, 145 ribosomal protein genes, photosystem genes and the majority of the ndh genes are commonly 146 found within the short single copy region (SSC) ( Fig. S1 ). Finally, the rest of the protein-coding 147 genes are found in the long single copy region (LSC), as well as other tRNA genes ( Table 1 ). 148 From these 80 genes, 20 were found to be problematic due to being out of reading frame or 149 having multiple stop codons (accD, ndhA, ndhB, ndhC, ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, 150 ndhJ, ndhK, petA, petB, petD, rpl16, rpoC1, rpoC2, rps12, ycf1), and thus they were not included 175 Comparing orchid plastomes with the Nicotiana tabacum plastid genome reported at NCBI, 176 some differences were identified. In terms of total gene content, N. tabacum plastome has 144 177 genes, whilst in orchids the gene content is around 120. Protein-coding genes are more abundant in 178 N. tabacum than in orchids, being 98 and around 62 respectively. Two protein-coding genes found 179 in orchid plastomes (infA and pbf1) were not found in N. tabacum, and six protein-coding genes 180 (ndhB, rpl2, rpl23, rps12, rps7 and ycf2) were found as duplicated genes within the IR regions in 181 both plastomes. Many studies have documented the movement of the ndh genes between the 182 plastid genome and the nucleus. The N. tabacum plastome has 11 ndh genes (ndhA, ndhB, ndhC, 183 ndhD, ndhE, ndhF, ndhG, ndhH, ndhI, ndhJ, ndhK), in common with the plastid genome of 184 Apostasia wallichii, which has been shown to transcribe all 11 ndh genes and these have been 185 predicted to be translated into functional proteins 39 . These findings indicate that the common 186 ancestor of orchids likely had a complete functional set of ndh genes. For some other orchids, not 187 all those 11 genes are present, as in the case of Gongora pleiochroma, where just 8 ndh genes are 188 present (ndhA, ndhB, ndhC, ndhD, ndhE, ndhG, ndhH, ndhI). 189 Diverse patterns of junctions between IR and SSC regions are seen in the 11 orchids 190 sequenced here. Some plastomes have portions of the genes rpl22 and ycf1 within the IR region. 191 Those genes seem to be repeated in some orchids, contributing to the expansion and contraction 192 among the inverted regions, which flank the small single-copy of the plastomes. Studies regarding 193 plastome content have also found both loss and retention of ndh genes among orchids 40, 41 . Few ndh 194 genes are thought to encode for functional ndh proteins in Oncidium and Cymbidium 42, 43 . ndh gene 195 function is thought to be related to land plant adaptation and photosynthesis 44 . However, Lin 41 196 found that no significant differences in biogeography or growth conditions (including light and 197 water requirements) were observed between orchids where ndh genes were lost and orchids where 198 the same ndh genes are present. Mechanisms leading to shifts in IR boundaries and the variable 199 loss or retention of ndh genes are still unclear 12, 40 . Some of these genes have also been removed from other orchid phylogenies previously reported, 216 for similar reasons 43, 45, 46 . Stanhopeinae, Maxillariinae, Zygopetalinae, and Oncidiinae also had poor support (BS=42). 239 The outcome of our expanded sampling is the improvement of statistical support in 240 Cymbidieae, more specifically in the nodes of groups that arose from rapid diversifications and 241 that historically have been problematic to resolve 2, 24 . Our results provide resolution among 242 Cymbidieae subtribes; however, we are still constrained by the lack of representatives for the 243 subtribes Eriopsidiinae and Coleopsidinae. In our phylogeny, obtained using 60 plastome-coding (Coeliopsidinae,Stanhopeinae) ))))))). Some topological differences can be 266 identified with respect to our study. Here, relationships among most derived subtribes showed (1 to 6 cm, compared to 1 cm or less in other subtribes). 309 In our analysis, Diurideae and Cranichideae are strongly supported as sister to one another 310 (LBS=94), which was also recovered by Givnish et al. (2015) . A synapomorphy shared by 311 Diurideae and Cranichideae is the presence of binary/bilobed xylem in leaf midrib. The absence of 312 tubers is only common in Cranichideae. Although these synapomorphies were identified against 313 molecular phylogenies, authors have emphasized inadequate interpretations of the characters due to 314 the discrepancies generated between the well-supported phylogenetic relationships and current 315 classifications based on morphological characters 28 (Table 1) . Fresh leaves were stored in silica gel for subsequent DNA extraction using a 362 CTAB method 49 . Total DNA was purified with silica columns and then eluted in Tris-EDTA 50 . Consensus sequences were generated using SAMTOOLS 60 , which provides a summary of 412 coverage of reads mapped to a reference sequence. In theory, it can call variants by mapping reads 413 to an appropriate reference. For each of the 11 plastomes, phylogenetically closed plastomes 414 (available in the NCBI) were used as reference (Masdevallia picturata, Masdevallia coccinea, 415 Cattleya crispata, Goodyera fumata, Oncidium sphacelatum, Sobralia callosa). (Table S2 ). Each gene was manually checked for start and stop 447 codons. 448 We conducted an additional ML analysis using 60 coding regions of species belonging to 449 Cymbidieae and six outgroups across external Orchidaceae tribes (Apostasia wallichii, Habenaria 
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